rial |l

eal-life Implementation
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Outline

= High-level Algorithm flow
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Survey of System Designers

e

What do vou use for high-level algornthm development?

Mostly MATLAB
MATLAB & Simulink
Mostly C/C++

Mone - just hand-code RTL or use IP

Brookhaven Science Associates
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What do you use for high-level algarithm development?
Mostly MATLAB 38.2%
|
MATLAB & Simulink 29,1%
.
| Mostly C/C++ 12.7%
|
None - just hand-code RTL or use 1P 20.0%
|
BROOKHIAEN
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Obj ective Everything is better when it’s simple

© 2013 Bank of America Corporation

= Demonstrate the integrated flow from system design to
Implementation of real-time DSP applications on FPGAs

Use MATLAB / Simulink to validate a simple DSP algorithm
Implement algorithm with XILINX System Generator

Verifying the DSP system using Simulink and HDL simulator
Preparing design for Co-Simulation on SP605 (Spartan-6) Board
Performing Hardware/Software Co-Simulation for the DSP system

= Developers with little FPGA design experience can quickly
create FPGA implementations of DSP algorithms in a fraction
of traditional RTL development times.

BROOKHFVEN

Brookhaven Science Associates LLRF 2013 6 NATIONAL LABORATORY



Outline

= Simulink with XILINX System Generator

BROOKHIVEN
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System Generator Design Flow

Kilin Corelen

|

Executable Spec

Levelop J
in Simulink

Sysiem
Cavnarator

Generator

Develop System J
represaniation

Automatic RTL
generaion

RTL

|

Al
Implementation
Flow

Bifstream

|

Download to J
FPGA

RTL Venfication
with Model3im

Brookhaven Science Associates
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System Generator Features

= DSP modeling
Xilinx blockset contains about 100 IPs with functions such as
signal processing (e.g., FIR filters, FFTSs)
error correction (e.g., Viterbi decoder, Reed-Solomon encoder/decoder)
arithmetic, memories (e.g., FIFO, RAM, ROM), and digital logic

= Bit and cycle accurate floating and fixed-point implementation

= Automatic code generation of VHDL or Verilog from Simulink
Integrate legacy RTL

= Hardware co-simulation
Validate working hardware and accelerate simulations using
Ethernet (10/100/Gigabit)
JTAG communication between a hardware platform and Simulink

= Hardware / software co-design of embedded systems

Build and debug DSP co-processors for the Xilinx MicroBlaze™ soft
processor core

BROOKHFAVEN
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Design Flow Strategies

= Algorithm Exploration
 useful for algorithm exploration and model analysis
- for architecture exploration such as HW/SW partitioning
- estimate the cost and performance of an implementation in hardware

= Implementing Part of a Larger Design
- ideal to implement data paths and control
- less suited for sophisticated external interfaces
- design can be exported as an application specific IP to be integrated into
a system

= Implementing a Complete Design
- ‘Generate’ button instructs System Generator to translate the design

- HDL that implements the design

- HDL testbench that transforms results from Simulink simulations to be
used in a logic simulator

« scripts that guide downstream tools, such as XST for synthesis

LLRF 2013 10 Yoty s
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Outline

= Real life example — concept to proof

BROOKHIVEN
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Coherent Phase Detector for AGS Booster

Determine beam bunch phase with respect to net RF voltage per turn in a
Heterodyne System

OUTPUT

MIXER

LO = 1:RFsys

Brookhaven Science Associates

CAVITY
—
LO
DDS A 2
MIXER
+10.7 MHz

INPUT L S[™FiLTER ]

VCO
10.7 £ 0

v faeneam = LO — (10.7 = )
—

fRFbeam = fRFsys £0

fie = LO - frepeam

f==107 %
INPUT 3
MIXER
T fRFbeam
BEAM PICKUP
LLRF 2013

<

WCM

/

Phase detector is a main
building block in
loop control applications

BROOKHIAVEN
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Hilbert-transform Phase Detection
Scheme

Digital phase detecting method
making use of 90° phase shift
property of Hilbert transform. WM

_ —» | 16-bit A/D
- Heterodyne signals are L

sampled by A/Ds ] N —y| 17F
- An analytic signal is generated DDC >
from a real signal by using the vSuM
—»| 16-bit AID

v

LPF

Hilbert transform

« An FIR filter is used for the L i —
approximation of the Hilbert
transform

- Signals are down-converted to
DC by mixing

- After LPF and decimation
phase difference is computed

BROOKHFAVEN
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Mathematical Computation

Received signals :
S,(t) = a,(t) cos(wt + ,)
S,(t) = a,(t) cos(wt + P,)

Hilbert Transform is equivalent to a 90° phase shift linear filter
Hs,(B)] = a,(t) sin(wt + ®,)
HIs,(0)] = a,(t) sin(wt + ®,)
Q =s4(t) . H[s,(t)] - H[s1(1)] . S,(1)
= a,(t) . a,(t) . sin(®, — P,)

I =5,(t) . s,(t) + H[s()] . H[s,(1)]
= a,(t) . a,(t) . cos(P, — D,)

Phase Difference :
AO=(P,—P) =tan}(Q/1)

BROOKHFVEN
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S Phase Detec

or Si

mulin

k Model

Repeating
Sequence
Stairl

H[s,(t)]

10,7508 t M " x
S 1 L I
F Delay Product?
IF_freq
m1—>\_r’ B g W_'D e 3 *
.
phi Am Data T —
pltude ala lype .
ot Cain Conversion? Hilbert Fitter Product3
¢ Signal_Generator
. Manual Switch H [S t
- 1(0]
Repeating
Sequence
Stair2
y " »
z —
10.7e08 Producté
Fi S, (t) Delay!
IF_freq » «
IF_sig— 077419 M@ Hibert >
phi Products
Ampitude Data Type Hibert Fiter' o
Constant? Signal_Generator? Gaint Conversion3

Subtract

Q

ReakHimag to Data Type
Complex Conversion?

Complex to
Wagnitude-Angle

AO

L i

Scopel
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u L}
File Edit View Help
I I I l l | I I l [ & » Entersearchterm - #
Libraries Library: DSP System Toolbox/Fitering/Fiter Designs. Search R{ 41| b
Ut
O O O X Logic and Bit Operations Response Filter
~Lookup Tables 1 e
Math Operations Bandstop Filter Compensetor
~Model Verification
ModekWide Utilties CIC Filter Come Filter
- Ports & Subsystems
Signal Attributes. : Differentiator Halfband Figer
~Signal Routing Filter k
Sinks.
-~ Sources Highpass Filter Hilbert Filter
User-Defined Functions. A
[+ Additional Math & Discrete 3 - Inverse Sinc - Loy
pass Filter
| acmesot sockse I e ==
(=1- ] DSP System Toolbox
st — S
[=|-Filtering
Parametric Peak-Notch
Adaptve Fiters Equalizer Filter
a Fiter Designs.
~Fiter Implementations. Pulse Shaping
M ] » - Nultirate Filters Filter
10.7e08 z | % [l Math Functions L
¥
ek ~Quantizers
F glay Product2 [#-Signal Management
IF_freq Subtract - Signal Operations
Fsigl— 054375 [—mt o P Hibert M % ~Signal Processing Sinks
ohi ‘ : - Signal Processing Sources
Ampliude Data Type : : - Statistics
— s Converaon Hiert it Froduct Hilbert Fiter Coeff e
onaian
Signal_Generator =3 [§8] Simuink 3 Animation
,_«‘ Ianual Switch -~ Utiities
2T Simulink Coder -
) urction ok Pametes et it .
Repemmg [ Showing: DSP System Toolbox/Filtering/Fitter Designs
Sequence - SC0pE
S4air? | signa i ks { —
| B P ausizaton Tl
Fiter peccabons (P Bt A et Ven Dy Decp Wik
| pis g . D&R b OTNNNG SPLY E
| oot [y Do |REE2:0-BEORE
| Fwtipe  [singerme . —
Frequency sgecfcanon IR T HY | L1
Froquency unts: | Kormaiced (Do 1} [P 4 [ BueRE
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"
it 5
F1 k Delayt | o gt constrnts can b spcie ten pectyng it ord
|
ysum_in a D mithod: Equrgph
IF_sig—y 077419 Ly Hilbert 4
phi } Design s
Anpitude Dia Tpe Hibert Filer1 | |
Constant? Signal_Generator! Gain? Conversion3 : Fie rgaramtn
kmm Diractfom FE. 1

Repeating
Sequence
Stair
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Xilinx library of bit and cycle-true

models

Basic Elements

hd Systemn Ad L
. Generator | £

b BitBasher

Counter S b

F 3
TP Concat
¥a

A
L Expressicn D
E

qd = b Inverter s
B Mux £ 3
- . q= -
Aeineprel> Reinterpret Tamip
E e
Serial to
= = E Els)
3 Parallel [=£]
» Time Divisicn
M . 1 z F
- Multiplexer

Brookhaven Science Associates

Addressable
Shift Register

Black Box

Constant

Dzlay

Gatewsay In

LFSR

Farallel tz
Serial

Relaticnal

Slice

Up Sample

[ Assert

i
i

LRI

Clock Enable
Probe

[+  Convert

Down Sample

Gateway Cut

Logical

Register

Reset Generator

Time Division
Demultiplexer

LLRF 2013

DSP Blocks

CIC Compiler 2.
a

Complex
Multiplier 3.1

DDS Compiler

5.0

DSP48 Maoo 2.
-1

DSP4EE

Divider
Generator 4.0

FIR Compiler 8.

=

LFSR

17

CIC Compiler 3.
o

Complex
Multiplier 5.0

D5P4B

D5FP48 maoro 2.

o

DSP48E1

FDATool

Fast Fourier
Transform 7.1

Opmode

o Ll

1 i e e

NATIONAL

CORDIC 4.0

DDS Compiler
4.0

DS5P48 Macoo

D5P4RA

Divider
Generator 3.0

FIR Compiler 5.
o

Fast Fourier
Transform 8.0
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GS PD System Generator Model

.é_‘—_-_-——

Configure for generation of
*Netlist or bitstream

*Hardware in the loop
*Export as hardware peripheral for an embedded processor

107208

Ragistar
L]
e
L]

Gateway In block FR Campller 501
*Double precision input data
is quantized into Fixed Point
representation

b &

Bt

2g5_dinvsum

Ampinae

our I———
& T L
Gawt g

R Compler 50

]
[e{n ] Flec
&1 ags binod_en o

Aasumi

CIC Complier 20

Gateway Out block
*Convert the fixed point
representation into
Simulink floating peint

Brookhaven Science Associates

LLRF 2013
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Video on Firmware Generation

(2 min)

Brookhaven Science Associates LLRF 2013



Outline

" Demo with HW-SW Co-Simulation
(HW in the Loop)

BROOKHFVEN
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HW / SW Co-Simulation

10.7e06

IF

IF_freq

F_sig 054378 (UCD Ol ]

hi
M ’ Amplitude ags_din wem
Signal_Gensrator Gain

phi
. []

G ul
Manual Switch

Repeating
Sequence
Stair2

¥ ags_btopd_en ags_btbpd_delta_phi Scopel

ags_btopd_delta_phi _m

Point-to-point

»
ags_din vsum Ethernet

ags_bibpd_delta_phi_rdy
ags_btbpd_dalta_phi_rdy

10.7e06

IF1

IF_freq
IF_sig 077419 U Dyt |y
m—h eni Amplitude ags_din vsum
Signal_Generator1 Gain1
Cc

Manual Switch1

Repeating [n ]
Sequence en ags_btbpd_en
Stairt

HW / SW interfaces handled
automatically by System Generator

Brookhaven Science Associates

| ags_din wem

ags_pd_hfir_sysgen
hwcosim

HW running on SP605

SPARTAN-6
1 XC6LX45T

BROOKHFVEN

NATIONAL LABORATORY

LLRF 2013 21



Outline

= Designs in development

BROOKHIAVEN
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Bunch-by-Bunch Phase Detector IP

ADC_gain_A

ADC_data_A

Hnul
BLUE wall Current ltems in RED highlight the Bunch by Bunch Damper extension to the RHIC LLRF System l Ph A
ontroller Chassis f lase,
(YELLOW s Identical) Wprikiie Ll (" (BLUE) DAC Daughter Card in Bunch By Bunch Damper Chassis ) Frev -

Master Chassis 8
FPGA DACs L +
DAC 0 (INSIDE)

N

|

| Bucket By Bucket

| Amplitude Control nco_ph_off A
|

|

|

|

|

|

|

Bunch By Bunch ERC

Phase Detector
Firmware

JL

u LRF Drive
Atb WFG Strip Line
Bunch Table [ Kickers

Tracker 64KB d (Bunch
by
* Il j> Bunch
Damping) Bi_neo_oviflo
[

(identical
second DAC CIC
card used for

YELLOW Ring) —)@__ control

PPC
BBD Loop

DAC 1 (OUTSIDE)
Bucket By Bucket
Amplitude Control

ADC Daughter Card (BTB Phase & Radial Processor) DAC Daughter Card in BLUE Bouncer Cavity Controller Chassis T

|
|
|
|
|
| el
| ULR = Buckets Per Turn
\ | ool
DAC Daughter Card FPGA |
LLRF Drive
BLUE
rogram (Coherent
FPGA 1
|
|
|
|
|
[
L)

(Open Loop Frequency Calc] Dampin,
©p P Frequency Calc) DAC Daughter Card in YELLOW Bouncer Cavity Controller Chassis ping)

ULR oe
Control
LLRF Drive
YELLOW
Bouncer
(Coherent
FPGA Il

Damping)

PPC
Main Beam Control Loop
(Includes Coherent Bunch to
Bucket Phase Loop)

Fast feedback bunch phase measurement

Ref. Kevin Smith - Overview of LLRF Developments at the

BNL Collider-Accelerator Complex
BROOKHFAVEN
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Bunch-by-Bunch
Phase Detector System

120 Bun
Train

VHDL code

LI

Brookhaven Science Associates

LLRF 2013
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Building Blocks of DSP
Datapath

*NCO Subsystem
« LUT based
*Tunable phase offset

-Generate orthogonal reference signals for down
conversion

*CIC (cascaded integrator comb) Filters

-ideal for large rate changes and narrow band low
pass filtering

ADC_gain

ADC data

|

NCO

«implementation efficient - no multipliers, only Subsystem
addition and subtraction are needed. o«
*CORDIC
many functional configurations:
svector rotation (polar to rectangular),
vector translation (rectangular to polar),
-Sin and Cos
-Sinh and Cosh
<Atan and Atanh
«Square Root
Brookhaven Science Associates LLRF 2013 25

CIc
CORDIC

Phase

Magnitude
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‘-:*1 =M

CIC Filter Specifications

*Narrow band low pass filter of 4+ L< _ + Jlr\

consecutive bunches to determine N N

phase and magnitude

*Bunch train at 9.386 MHz Figure 1: Basic Integrator Figure 2: Basic Comb
*Support variable decimation rate R N

*Processing clock 100 MHz ottt %QR/'% cr e e

*A/D sampling rate 100 Msps
*FPGA resources limited Figure 3: Three Stage Decimating CIC Filter
*Parameterizable Bit Growth

. . Implementation
*Resolve inherent memory issues
when time multiplexing bunches *Single stage CIC sufficient for
phase and magnitude detection

*Throughput meets requirement

Integrator *Decimation rate set before comb
stage

*FIFOs to handle accumulator

results from turn to turn

*CIC resource utilization (Virtex5)
Slice Reg = 200
‘BRAM =1
*DSP48E = 2

BROOKHFAVEN
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Custom 1-Stage CIC filter

e imng_mio_wee: —— Relmemnel
) leer BREasher2
1 stage N e
CIC fiter Y it _smy
—= i 0 _oul—
o
MuR_| I prEse_ou——
(i naj—
CORDIC 401
—e ] Integrator
—
Muk @

,,-;rfa._IJ
BROOKHIAIEN
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HDL Co-Simulation

* Legacy (or new) HDL code can be
imported into Simulink “black box”

* HDL is co-simulated transparently
using industry-standard simulators
like ModelSim or Active-HDL

* Single HDL simulator for multiple
black boxes

* The time scale in HDL Simulator
matches that in Simulink

Brookhaven Science Associates

S
yay Out?
i)

Gateway Quth

{ R t
HDL Black-Box Parameters: ADC_bkt2bkt J)d/H

‘Input Parts | Output Porti| Parameters | Clocks | St\mu\atou| Waveform |
Name | Notation | Radix | Height| Format | Mml Max| Color | Command Arg:
clk Unsigned Binary 15 Logic/Literal Default »
dc_rst Unsigned Binary 15 Logic/Literal Default F
el Unsigned Binary 15 Logic/Literal Default
ai dic_rate Two's Comple..  Decimal 5 Analog 0 0 Defautt L |
Gatenzy Qutt cic rate we Unsigned Binary 15 LogicLiteral Defautt 3
A0 St Registerl! Regiateriz bki_nco_ovrflo | Two's Comple.,  Decimal 0 Analog 0 0 Defautt
- samp_win_en Unsigned Binary 15 Logic/Literal Default
: g g |00 Dtk |y
samp_win_stop | Two's Comple.,  Decimal 0 Analog 0 0 Default
h_num Two's Comple..  Decimal 0 Analog 0 0 Default
et — samplewinon | Unsigned Binary 15 Logic/Literal Default
- - bunch_ent Two's Comple..  Decimal 50 Analog 0 0 Defautt
bum'm comb_gn Unsigned Binary 15 Logic/Literal Defautt
W et e comb fifo re Unsigned Binary 15 Logic/Literal Default i
comb_fifo 1 il n 3
b i e comby_fifg
sty Port/Signal Name (select port or type hierarchical sig.. v
1 bkt _nco_ovrfie down_samp ¢ Properties View Values
Bkt gl et i fum Name |samp_win_start Height |50 Notation |Unsigned
—{hm ing_scoum el Mode |In Color Radx | Decimal
intg_fifo_r Type  [STD_LOGIC_ VECTOR(T downta 0) Farmat |Analag Max 0
— AT Wave command full syntax: i L
intg_fifo_y
T s bk alog -analogmin 0 -analogmax 0 -dec -height 50 "/ADC_bkiZbkt pd/\ADC bki2bkt pd/HDL Black-Box\/samp win start”
s o>l o]
———o{samp win_stop tum_cath  SEMpl_ont out
HOL Black-Bax

LLRF 2013
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Configuring a HDL Black-Box to
import RTL

File Edit View Help Create Block Description file
» | Enter search term [ (}L’{TLAB }I—FHES)

Librares Library:

+- I Simuink

Active-HDL 9.2 (aldec_work _bk‘tpd_cic_cnn}“ c:\Lﬁ_WOﬁS.HOP_ZOI3\Bktdepm\matlab_work\vhc
Eile Edit Search Yiew Waorkspace Qesigp\ Simulation Tools Window Help

|@-SH xR [ @EF IOUNSAWTOTH @6 ce

+- 8| DSP System Tookox
W Smuink 30 Animation

HOL Black-Box

- Utilties
W smuink Coder ,ww,mwwwwwwwwwwwww
I Agynehronaus
"“m.= HOL Black-Box Iﬁ bktpd_cic_cntrl (rtl) \ j
5 for DEP Builder
Active- HDL cp- fo Synoity D5 0ot \
. or Synpli il E = 5
imulation blotk Please select one of HDL Black-Box configuration M-Files listed @ Workspace aldec_work-?dﬁlgn(s)
Strianon biok below. If your M-File is located outside the current working E' bktpd_cic_cntrl
drectory, please type inits name (exiuding extension). . D
mee | e file must reside in directory added to MATLAB Search Path. é\ Add Mew File
= =] 1| B ﬁJ bk'tpd cic_entrlvhd
— i | lac i
85 Add New Llhrary f Set as Top-Level
| i hhpd‘f'c‘mm fbrat Initialize Simulation
&'@ I E Generate TestBench...
t J Generate Block Description fo' Simulink...
i B .
e 5] | | Add New Architecture... |
HDL Black-Box = [y E— B Files /% Stu EditSymbol & bitpd i
simulated in Acufe HDL LE‘_ “":": Copy Declaration Cirl+C L] i
\_\\ e s g = acom -03 -work bktpd  Copy SystemC Class Declaration ic_entrl.vh
= —_ > i ° # Compile. Copy VHDL Instantiation
— [ L # Warning: DAGGEN_OE Cony Verilog Instaniati the -dbo =
: e Eoe . coverage, and assert Opy Verilog nsaniidan
L= - o o # File:
e g |l ] ’45 c:\LLRF_WORKSHOP 20 l3\Bktdepm\matlab_wor k\aldec work\bktpd cic ¢
=1 = s = # Compile Entity "bktpd cic_cntrl"

T S E @ o # Compile Architecture "rtl" of Entity “bktpd_cic_cntrl"
e # Compile success 0 Errors 0 Warnings Analysis time : 0.4 [s]

ngifre
Caprar  FagEel

7
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Future Development
RF BPM Processor

ADC_gain_A

ADC_data_A Ph_offst_A
Hnum o ! o
Frev Bl 5> Bkt Phase_A
b NCO
nco_ph_off A Subsystemoos
L |
nase.Accumulator Bkt_nco_ovflo Beam Position_X]
— (A-B)/(A+B)
cIc
N ® control ADC_gain_B
T Bkt Pd Div
Buckets Per Turn ADC_data_B Ph_offst_B
s1 —» Bkt Phase_B
NCO CORDIC
nco_ph_off B [ee Bkt Mag_B
——>
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Software Tools and Versions :
= MATLAB R2011a

Simulink

DSP System Toolbox
Signal Processing Design
Fixed-point Design
Fixed-point Blocks

= |SE Design Suite 13.2 System Edition
= Active-HDL 9.2

Demo Platform :

=  SPARTAN-6 FPGA SP605 Evaluation Kit

BROOKHFVEN
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